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H2O2-catalyzed Defluorination of Perfluorooctanesulfonate (PFOS) 
by Oxidized Vanadium Carbide MXene Nanosheets
Yuemei Yea,§, Jessica M. Steigerwalda, Hojeong Banga, Vivian Jonesb, Kaylie Dennehya, and Jessica R. 
Raya,*

Perfluorooctanesulfonate (PFOS) is a fluorinated synthetic surfactant in consumer end products that has been heavily 
investigated due to its global distribution, environmental persistence, and toxicity. Reductive processes that generate highly 
reactive reducing species called solvated electrons in water can destroy PFOS C–F bonds. However, solvated electrons are 
easily scavenged, which results in slow, incomplete defluorination. Heterogeneous catalysts may amplify PFOS 
defluorination, but the number of suitable catalysts for this process is limited. In this study, we examined PFOS 
defluorination by oxidized vanadium carbide (V2C) MXene nanosheets in the presence of hydrogen peroxide (H2O2) under 
room temperature, ambient and aerobic conditions. 96% removal of 50 µg/L PFOS was observed within 4 h by 0.15 mg/mL 
V(V)-C nanosheets and 14.7 mM H2O2 compared to reaction systems containing only V(V)-C (62% removal) or H2O2 (no 
removal) in batch studies. And near-complete (105 ± 23%) defluorination of PFOS after four hours in this V(V)-C-H2O2 system 
following the formation and removal of trifluoroacetic acid—a short-chain degradation product. Solvated electrons 
(catalyzed by H2O2 addition) were hypothesized to contribute to the rapid defluorination of PFOS adsorbed to the V(V)-C 
surface. Our findings of V(V)-C-catalyzed reductive defluorination of PFOS could be applied to the treatment of other 
recalcitrant trace organic compounds in impacted water sources.

Introduction
Per- and polyfluoroalkyl substances (PFAS) are a particularly 

recalcitrant class of synthetic organic compounds broadly used in 
industrial and consumer products due to their water-resistant and 
fire-extinguishing properties achieved via the high thermal stability 
of their characteristic C–F bonds.1 The production and use of PFAS 
have resulted in widespread environmental contamination of water 
sources, which is concerning due to its demonstrated toxicity in 
humans and animals.2-7 Perfluorooctanesulfonate (PFOS) is one of 
the most stable8 and frequently detected PFAS in the environment 
despite its banned use in 2009 by the United States.9-11 Due to their 
stable C–F bonds, degradation of PFOS is still a major challenge.

Solvated electrons are highly reactive reducing species 
(standard reduction potential, E°: -2.9 V)12 capable of cleaving PFAS 
C–F bonds (E°: -2.7 V).13 They are generated when an excess electron 
is introduced into liquid water,1 and are proposed to undergo 
nucleophilic attack on the PFOS electropositive carbon to initiate 
defluorination. The resulting short-lived carbanion decays into a 

halogenated carbon radical (e.g., fluorocarbon) and a halide ion to 
facilitate degradation and defluorination.14  Solvated electrons can 
be generated in solution via excitation of chemical mediators such as 
sulfite, iodide, and indole acetic acid by low wavelength energy 
sources (e.g., ultraviolet (UV) light)  to attack PFAS in water.15,16-18  In 
addition to chemical addition, high energy inputs and specific 
aqueous conditions (e.g., alkaline pH, anoxic)15,16 are required to 
mitigate the scavenging of solvated electrons.  

Heterogeneous substrates19 can enhance solvated electron 
treatment efficacy by localizing PFAS to substrate surfaces during the 
heterogeneous catalytic reaction.20 Large surface areas may provide 
a vehicle for compound adsorption and delivery of reactive species 
to accelerate energy and electron transfer between the 
nanomaterial and compound in water.21 For example, Tian et al. 
observed > 99% defluorination of 10 mg/L PFOA adsorbed onto 
organo-modified clay nanoparticle surfaces1 due to effective delivery 
of solvated electrons to nearby PFOA on the clay surface. 1,22,23 Most 
nanomaterial-facilitated reductive defluorination of PFAS require 
continuous energy inputs (e.g., UV light or applied electrochemical 
potential) and/or specific aqueous conditions (e.g., anoxic), which 
are impractical for large-scale water treatment—particularly for 
decentralized water treatment. Therefore, it is desirable to develop 
a heterogeneous catalyst capable of destroying PFAS under milder 
operating conditions without sacrificing defluorination efficiency. 

MXenes are two-dimensional, layered metal carbide or nitride 
nanomaterials widely used for electrochemical applications24,25 
because of their excellent electronic conversion capabilities.26 
Recently, MXenes have gained attention as catalysts for the 
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reductive transformation of contaminants in water. For example, 
Pandey et al. demonstrated selective and high-capacity reduction of 
bromate to bromide in drinking water using Ti3C2 nanosheets in 
which Ti(II) oxidation to Ti(IV) facilitated reduction.27 MXenes were 
also found to participate in radical-initiating behavior during 
polymerization,28-30 which suggests the strong electron transfer 
ability in MXenes that could be leveraged for catalyzing redox 
processes during water treatment. The high adsorption capacities, 
multivalent states and reactivities, and excellent electron transfer 
kinetics24 of MXenes could contribute to catalytic organic 
contaminant transformation.31 Vanadium carbide (V2C) is an under-
explored MXene for water treatment despite demonstrated 
evidence of greater redox reactivity. Vanadium oxide surfaces could 
enable pseudocapacitive (i.e., reversible redox behavior24,32,33) for 
high-rate energy storage34 to amplify advanced redox process 
efficacy at the vanadium surface.32,33,35 Therefore, vanadium 
reactivity coupled with the rapid charge transfer kinetics of MXenes 
could be exploited to enhance the degradation of recalcitrant 
chemicals.

In this study, we report a novel catalytic approach for PFOS 
destruction that leverages the redox reactivity of vanadium, large 
nanosheet surface area, and advantageous electrochemical 
properties of MXenes for rapid, catalytic reductive defluorination. 
The ability of oxidized V2C nanosheets to degrade PFAS was verified, 
and proposed mechanisms for PFOS degradation and defluorination 
with this system were explored and discussed. Degradation of PFOS 
was examined under aerobic conditions in ultrapure water in the 
presence of hydrogen peroxide (H2O2)—a common disinfectant used 
in water treatment44—which was added to catalyze electron 
shuttling and reactive species formation in the oxidized V2C 
nanosheets. The characterized V2C nanosheet solution was observed 
to be hydrolyzed to form a vanadium oxide/carbon composite 
heterostructure (so called V(V)-C). The as-prepared V(V)-C 
nanosheets are hypothesized to undergo electron transfer from the 
carbon to V(V) surface phases which may generate reactive species. 
The large V(V)-C nanosheet surface area and hydrophobic 
interactions with –F edge groups generated during V(V)-C synthesis 
facilitated adsorption of PFOS (a representative PFAS). Electron 
paramagnetic resonance was used to identify the reactive (oxygen) 
species responsible for PFOS degradation near V(V)-C nanosheets. 
Complementary analyses of the aqueous chemistry (i.e., pH, short-
chain PFAS formation, fluoride concentration) and V(V)-C nanosheet 
physicochemical evolution (i.e., morphology, surface vanadium 
valence state) were performed to elucidate PFOS removal and 
defluorination mechanisms. 

Materials and methods 
 V(V)-C nanosheet preparation

A list of chemicals and materials used in this study is provided 
in the Supporting Information (SI). The V2C nanosheet was 
synthesized from purchased V2AlC MAX phase powder following 
methods reported in the literature.36 Briefly, 10 mL of hydrofluoric 
acid (HF) and a magnetic stir bar were added to a 50-mL 

polypropylene flat-bottom bottle. Approximately 1 g of the V2AlC 
MAX phase powder was slowly added and mixed into 30% HF acid 
aqueous solution in the bottle, then the bottle was capped loosely 
and sealed with parafilm. The HF and V2AlC solution were stirred at 
150 rpm every 12 hrs over 7 days to etch the Al in the MAX phase. 
After the 7-day mixing period, the HF-etched V2C powder mixture 
solution was washed with ultrapure water (resistivity 18.2 MΩ·cm) 
until the wash pH was 6.0. The washed sample was freeze-dried 
under vacuum overnight37 for further analysis. The interlayer spacing 
between the etched, freeze-dried V2C was increased during 
intercalation by mixing with 30 mg/mL dimethyl sulfoxide (DMSO). 
Delamination was achieved by sonicating the intercalated powder 
that separated from DMSO after intercalation under atmospheric 
conditions, then the collected supernatant was sonicated, which led 
to the formation of V(V)-C nanosheet solution. The V(V)-C solution 
was purified using Spectra/Por (VWR International, LLC, PA) cellulose 
acetate membrane dialysis tubing (300–500 Da) for 7 days to remove 
residual fluoride from the HF etching process. 
 Material synthesis characterization

Scanning electron microscopy (SEM, JEOL 7000F, 10 kV 
accelerating voltage, Tokyo, Japan) was used to visualize the 
morphology of the V2AlC MAX phase, etched V2C, and as-prepared 
V(V)-C nanosheets. Mineral phase identification of the commercial 
MAX phase, etched, and delaminated phases were examined using 
X-ray diffraction (XRD, Bruker D8 ADVANCE Eco, MA). 

The vanadium oxidation state on the V(V)-C nanosheets before 
and after the reaction with H2O2 was identified using XPS (Surface 
Science Instruments S-Probe spectrometer, OR). To examine changes 
in the vanadium oxidation state due to the reaction with H2O2, a V(V)-
C and H2O2 mixture was reacted for 2 hrs and then measured with 
XPS. XPS analysis was also performed to identify new bond formation 
and vanadium oxidation state changes following PFOS 
transformation by V(V)-C nanosheets by adding 300.5 µg/L PFOS. 

The V(V)-C nanosheet zeta potential profile was obtained at 
different initial pH values to determine their surface charge. 
Triplicates of V(V)-C nanosheet solution were prepared at initial pH 
values of 2, 4, 6, 8, and 10. The resulting surface charge was 
measured using a Zetasizer (Malvern 1011155 Zetasizer Nanoseries, 
MA). To better understand the mechanisms occurring during PFOS 
transformation, the pH of solutions containing combinations of 0.15 
mg/mL V(V)-C nanosheets, 14.7 mM H2O2 and 50 μg/L PFOS V(V)-
C+H2O2, and the control solutions (i.e., without PFOS, blank V(V)-
C+H2O2) were measured as a function of time. 

To detect the formation of radical species from V(V)-C 
nanosheets and V(V)-C nanosheet reactions with H2O2 in solution, 
EPR (electron paramagnetic resonance, Bruker EMX, MA) spectra 
were obtained at 9-10 GHz. A 20 mM 5,5-Dimethyl 1-pyrroline N-
oxide (DMPO) capture was used to trap generated hydroxyl radicals 
and solvated electrons, and 20 mM 2,2,6,6-tetramethyl-4-piperidone 
(TEMP) was added to form adducts and capture singlet oxygen 
reactive species for EPR detection. The reaction systems contained 
0.15 mg/mL V(V)-C nanosheets and/or 14.7 mM H2O2 in ultrapure 
water. Capture agents were added after mixing the reaction 
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components for less than 1 min. More detailed information on the 
characterization and synthesis of V(V)-C is described in Section SI.

PFOS degradation and defluorination kinetics experiments

Batch PFOS transformation kinetics studies were performed 
using four reaction systems: blank (50 µg/L PFOS only), H2O2 (50 μg/L 
PFOS and 14.7 mM H2O2), V(V)-C (50 µg/L PFOS and 0.15 mg/mL V(V)-
C), and V(V)-C+H2O2 (50 µg/L PFOS, 0.15 mg/mL V(V)-C and 14.7 mM 
H2O2). A 6.2 mL reaction solution was prepared in 15 mL 
polypropylene centrifuge tube for each system and all systems were 
prepared in triplicate in sacrificial samples. Tert-butyl alcohol (final 
concentration: 158 mM) was added upon sampling to scavenge 
hydroxyl radicals formed from the degradation of H2O2 in water.38 
Then the solutions were filtered using a 0.20 µm cellulose acetate 
syringe filter (VWR International, LLC, PA). Preliminary tests with 
different filter materials indicated that filtration using a cellulose 
acetate syringe filter resulted in the least amount of PFOS loss (i.e., 
less than 13% of PFOS lost at 50 µg/L initial concentration) compared 
with nylon syringe filters (99–100% PFOS loss) and PES syringe filters 
(89% PFOS loss). The first 250 µL of the filtrate was discarded during 
filtration to decrease the amount of PFAS loss to the cellulose acetate 
filters. The samples were then prepared for PFAS detection and 
quantification using liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) analysis using the method described in 
Tables S5, S5a, and S5b. Detailed descriptions of PFOS quantification 
are provided in Tables S2, S3, and S4 and Section SII). 

The extent of defluorination within different reaction systems 
was quantified using ion chromatography (IC, Dionex DX-120, Fisher 
Scientific, MA). Defluorination calculation details are provided in 
Table S6. The ion chromatography limit of detection for fluoride is 
18.99 μg/L (1 μM). To determine the F- concentration more 
accurately, the samples were filtered through a 0.02 µm aluminum-
based syringe filter (Aluminum base, Whatman Inc., Maidstone, 
United Kingdom) at the end of the reaction period to increase the 
separation of V(V)-C nanosheet compared to the 0.20 µm syringe 
filters used previously for LC-MS/MS analysis. Experimental 
procedures regarding the use of 0.02 µm syringe filters are described 
in Section SI.

Results and discussion 
As-prepared V(V)-C nanosheet structure characterization

The molecular and structural evolution of the V2C nanosheet 
material during synthesis is depicted in Fig. 1 and captured using 
scanning electron microscopy. The resulting layered V2C MXene 
structure (Fig. 1a2, b2) produced from HF etching of the V2AlC MAX 
phase powder (Fig. 1a1, b1) indicates 10-100 nanometers of 
interlayer space was created following etching, generating single 
layer nanosheets with a thickness around 250 nm (Fig. S1b). The 
DMSO intercalation process was used to weaken van der Waals 
attractive forces and hydrogen bonding interactions among V2C 
MXene layers and increase layer spacing before sonication to 
produce delaminated V2C nanosheets suspended in solution. V2C 
MXene nanosheets can be easily hydrolyzed into vanadium oxide 

(V2O5) in aerated water,39 forming a hydrolyzed vanadium carbon 
composite heterostructure (i.e., V(V)-C). The structural identity of 
the materials was determined using XRD (Fig. 1c) and UV (Fig. S1a).  
The presence of small peaks in the 200 nm range of a UV spectral 
scan (Fig. S1a) indicates that while some V2C nanosheets remain, the 
majority of the nanosheets exist as oxidized vanadium(V) phases 
closely associated with graphitic carbon. The V2AlC spectra show two 
characteristic MAX phase peaks of (006) at a 2 of 41.3o signifying Al 
atomic layers, and (002) at 13.5o which corresponds to MAX phase 
interlayer distances.24 After etching, the largest (006) peak is 
suppressed, and the (002) peak is broadened and downshifted 
significantly. The shift is due to interlayer spacing expansion caused 
by replacing Al atomic layers with functional groups (=O, –OH, and –
F), and intercalation of water and DMSO molecules during the 
etching process.24 The spectra of the delaminated nanosheet 
suspension shows the total disappearance of the (002) at 11o peak, 
suggesting undetectable amounts of multi-layered MXene structures 
in the supernatant solution. After delamination and hydrolysis, the 
(002) V2C MXene peak shifted to 27.2o which was identified as 
graphitic carbon40 and suggests that carbon nanosheets are the 
dominant phase in solution. Hence, the as-prepared V2C solution is 
composed of trace amounts of V2C nanosheets (Fig. S1a) and 
oxidized vanadium(V) phases within single-layer carbon (i.e., “V(V)-
C”, Fig. 1a3, b3, Fig. 1c, and Fig. S2) due to the sonication, purification, 
and storage processes which exposed V2C nanosheets to oxygen 
which hydrolyzed the nanomaterials in water. 

Figure 1  (a) Schematic of V(V)-C nanosheet preparation and (b) SEM images of (1) the 
V2AlC MAX phase material, and (2) resulting V2C layers generated from selectively 
etching the Al layer. The spacing between the V2C layers increased during intercalation 
by DMSO addition which facilitates (3) delamination of V2C to form V(V)-C nanosheets 
upon ultrasonication. (c) XRD spectra for V2AlC (bottom), etched V2C MXene (middle), 
and V(V)-C nanosheets(top). (d) Surface charge profile for 0.15 mg/mL V(V)-C nanosheets 
in solution as a function of pH indicating negative surface charge over a broad pH range.

To gain additional insight into the chemical behavior of V(V)-C, 
the V(V)-C surface charge was determined as a function of solution 
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pH to better understand their aqueous stability and interactions with 
negatively charged PFOS (Fig. 1d). V(V)-C suspensions in ultrapure 
water had an overall negative surface charge with values ranging 
from -9.4 ± 0.69 mV (pH 2) to -44.0 ± 1.58 mV (pH 10). The negative 
surface charge is assumed to originate from the abundance of 
oxygenated and fluorinated moieties terminating functional groups 
present on V(V)-C nanosheets. This finding is consistent with 
observed negative surface charges on graphitic materials (e.g., 
activated carbon and graphene nanosheets) which have been widely 
used and/or exploited  for PFAS uptake.41,42

Rapid and near-complete PFOS defluorination by V(V)-C+H2O2 

system

Batch kinetics experiments were performed to assess 
transformation and degradation rates of PFOS by the as-prepared 
V(V)-C (Fig. 2a). Only 2% PFOS removal was detected in the H2O2 

control system within the reaction period, which was attributed to 
statistical and human error in sample preparation and analysis, and 
not to any PFOS transformation.43 The optimal reaction mixture was 
the V(V)-C+H2O2 system which resulted in rapid removal: 96% PFOS 
removal after 4 hrs was observed with 84% removal occurring within 
the first 30 min. Though the V(V)-C system also exhibited rapid initial 
PFOS removal within the first 5 min of reaction, though the final PFOS 
removal reached a lower PFOS removal after 4 hrs (62%). The 
performance of the as-prepared V(V)-C for PFAS removal remained 
stable even after being exposed to air for over a year, as indicated in 
Table S10.

Figure 2 (a) Normalized PFOS removal kinetics results determined using LC-MS/MS. 50 
µg/L PFOS was treated with combinations of 0.15 mg/mL V(V)-C nanosheets and/or 14.7 
mM H2O2 in ultrapure water. The Blank profile contained only 50 µg/L PFOS. (b) PFOS 
defluorination efficiency for the V(V)-C +H2O2 and V(V)-C reaction systems as a function 
of time. Trifluoroacetic acid (TFA) concentrations were detected in the samples 
corresponding to (c) as a function of time. (d) Linearized pseudo-second-order kinetics 
fitting and correlation coefficients (R2) for the V(V)-C and V(V)-C+H2O2 reaction systems.

Analysis of aqueous F- concentrations reveal that PFOS 
defluorination occurred in the V(V)-C+H2O2 reaction system; 
however, no significant defluorination was observed in the V(V)-C 
system (Fig. 2b). Residual F- was present in V(V)-C samples even after 
dialysis purification processes. Therefore, to account for the F- 
response from V(V)-C, a 0.15 mg/mL V(V)-C only control was 

measured with IC and the corresponding F- concentration was 
subtracted from the final F- concentration of the reaction systems. 
The IC data indicates near-complete defluorination (i.e., 105 ± 23%) 
was achieved in the V(V)-C+H2O2 system within 4 hrs. These results 
are extremely promising compared to defluorination efficiencies and 
rates of other reported homogeneous and heterogeneous PFAS 
degradation approaches (Table 1). While the initial conditions and 
methods of PFAS degradation provided in Table 1 differ from the 
conditions explored in this study, our findings indicate that the V(V)-
C+H2O2 approach is among the fastest with the highest 
defluorination efficiency.

Table 1 Comparison of reported PFAS degradation methods, reaction times, and 
defluorination efficiencies

methods
initial PFAS 

concentration
reaction 

durationd

defluorinat
ion 

efficiency

byproduct 
formation

UVa direct 
photolysis

λ= 220–
460 nm44

29.6 μmol
PFOA

72 hours
89.5% 

degraded 

F- and CO2, C1-
C6 short chain 

fluorinated 
carboxylic acid

H2O2 and 
iron (III)43

100 μg/L PFOA 2.5 hours

89% 
removed 

and about 
89% 

defluorinat
ion

F- and no 
detectable 
products

laccase-
catalyzed 
reaction45

414 μg/L 
PFOA

157 days

50% 
removed 

and 28.2% 
defluorinat

ion

F- and no 
detectable 
products

heterogeneo
usly 

catalyzed 
ozonation

iron-oxide 
based 

catalyst20

160 μg/L

C4-C7 PFAS
3 hours

C12-C17: 
64% 

C7-C11: 
>98%

C4-C6: 55%

not mentioned

HDTMA-
coated 

clay/IAA/UVb 

combined 
system 

λ= 254nm1

10 mg/L

PFOA
10 hours

100% 
removed 
and 90% 

defluorinat
ion 

C1-C6 
fluorinated 

carboxylic acid

V(V)-C+H2O2 

system (this 
study)

50 μg/L

PFOS
4 hours

96% 
removed 
and near 

100% 
defluorinat

ion 

TFA and F-

Notes: a) UV: ultraviolet; b) IAA: 3-indole-acetic-acid, HDTMA: 
hexadecyltrimethylammonium bromide; c) includes the corresponding reaction 
rate constant (k) and the half-life time (t1/2) of PFAS(s); d) The length of the time 
required for the maxi it took to reach maximum removal efficiency detected with 
LC-MS/MS. 

Target LC-MS/MS analysis indicated the formation of 
trifluoroacetic acid (TFA), a short-chain PFAS, in the V(V)-C and V(V)-
C+H2O2 reaction systems (Fig. 2c) during the reaction. Information 
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regarding accurate quantification of TFA in samples containing tert-
butyl alcohol is provided in Section SV. Previous studies investigating 
PFOS degradation report the formation of short-chain 
perfluorocarboxylic acids (e.g., TFA) via cleavage of centermost C–C 
bonds or C–F bonds during incomplete PFOS mineralization;1 
therefore, generation of TFA in these systems further signifies 
degradation occurred. The TFA generated in the V(V)-C system was 
quickly formed in the first minute (up to 6.5 µg/L TFA), and then 
continued to decrease until TFA was undetectable (after 1 hr). Based 
on this observation, we hypothesize that PFOS degradation on the 
V(V)-C nanosheet surface is limited in the absence of H2O2. For the 
V(V)-C+H2O2 reaction system, 7.1 µg/L TFA was detected within the 
first minute of the reaction, which suggests rapid PFOS degradation. 
Initially, the generation of TFA is faster than the defluorination of TFA, 
leading to an increase in TFA concentration. However, as less PFOS 
remains in solution, the generation of TFA and defluorination reach 
a dynamic equilibrium. When all of the PFOS has degraded, and the 
TFA formation stops and its concentration begins to decrease, the 
initial PFOS is fully defluorinated (Fig. 2c). For example, the TFA 
concentration in the V(V)-C+H2O2 reaction system decreased to 2.5 
µg/L after 15 min, which mirrors the observed accelerated PFOS 
removal within the first 15 min of the reaction (Fig. 2a). After 30 min, 
the TFA concentration achieved a pseudo steady state value for 1.5 
hrs until no TFA was detected at the end of the reaction period. No 
other short-chain (e.g., C7–C3)1 PFAS were detected in either 
reaction system. Compared with other reported systems1, the lack of 
other detectable short-chain PFAAs could be due to several 
possibilities. (1) The V(V)-C and V(V)-C+H2O2 systems may exhibit 
highly efficient PFAS defluorination which bypasses the formation of 
other intermediate PFAAs. (2) Other short-chain PFAAs were rapidly 
formed, remained adsorbed to the V(V)-C nanosheet surface 
following initial PFOS adsorption, then degraded immediately to TFA. 
For example, F- can also adsorb to V(V)-C nanosheets according to a 
batch isotherm experiment (described in Fig. S6).

 Kinetic modeling of PFOS degradation in the V(V)-C+H2O2 and 
V(V)-C reaction systems further corroborated the PFOS removal and 
degradation data (Fig. 2d). Kinetics modeling information is provided 
in Section SIII. Both systems were evaluated with pseudo-first-order 
and pseudo-second-order rate models.46 In contrast to previously 
reported systems,17,47,48 the V(V)-C+H2O2 system was best described 
by pseudo-second-order kinetics which revealed that PFOS removal 
was primarily controlled by defluorination kinetics, while PFOS 
removal in the V(V)-C system is only minimally impacted by 
defluorination kinetics.46 For example, the V(V)-C system was only 
well described by pseudo-second-order reaction kinetics for the first 
15 to 30 min, after which the observed PFOS degradation rate 
diverged significantly from the predicted rate (Fig. 2d and Fig. S7). 
PFOS degradation in the V(V)-C+H2O2 system was observed at a rate 
of k = 0.0008 L/µg·min with a corresponding half-life τ1/2 = 48 min, 
which is much faster than the destruction rates reported in other 
studies (Table 1). The kinetics fit divergence is also evident in the 
poor pseudo-second-order fit for the V(V)-C system (R2 = 0.749) 
compared to the V(V)-C+H2O2 system fit (R2 = 0.934). An aqueous 
PFOS equilibrium concentration was achieved after 60 min of 

reaction in the V(V)-C system (Fig. 2a), which is the time at which the 
pseudo-second-order degradation fit begins to diverge. Therefore, 
we postulate that the physical adsorption of PFOS onto the V(V)-C 
nanosheet surface is the primary PFOS removal mechanism during 
the initial stage of the V(V)-C system kinetics. Two removal processes 
appear to be occurring at the same time in the V(V)-C +H2O2 system 
based on interpretations of the pseudo-second-order fit: (1) a fast 
PFOS adsorption period within the first 60 min (similar to the V(V)-C 
system); and, (2) slower reaction kinetics after 60 min which may be 
attributed to PFOS defluorination kinetics. 

To further characterize PFOS degradation in the V(V)-C and 
V(V)-C +H2O2 systems, IC was used to detect fluoride released as a 
function of time (Fig. 2d). Residual F- was present in V(V)-C samples 
even after dialysis purification of the nanosheet suspension. The 
PFOS defluorination efficiency was determined by subtracting the F- 
concentration in control samples (0.15 mg/mL V(V)-C). No additional 
F- release was detected in the V(V)-C solution following a 4-hour 
reaction with 14.7 mM H2O2 (Table S9). Therefore, to account for the 
F- response from V(V)-C, the blank V(V)-C system (i.e., 0.15 mg/mL 
V(V)-C only) was measured as a blank control sample. Furthermore, 
the V(V)-C reaction system was also measured as a control sample to 
eliminate any interference from PFOS peaks in the IC spectra. The IC 
data indicates near-complete defluorination (i.e., 105 ± 23%) was 
achieved in the V(V)-C +H2O2 system within 4 hrs. These results are 
extremely promising compared to other reported homogeneous and 
heterogeneous PFAS degradation approaches (Table 1). 

In addition to the rapid, near complete defluorination 
observed in our V(V)-C +H2O2 system, only TFA (C2) byproducts were 
detected compared to C7‒C3 perfluoroalkyl acid (PFAA) byproducts 
formed and detected in other studies. For example, Tian et al. 
identified the formation of C6–C2 perfluorocarboxylic acids in 
addition to TFA after 24-hr reductive PFOA and PFOS defluorination 
on organoclays.1 The lack of other detectable short-chain PFAAs 
could be due to several possibilities. (1) The V(V)-C and V(V)-C +H2O2 
systems may exhibit highly efficient PFAS defluorination which 
bypasses the formation of other intermediate PFAAs. (2) Other short-
chain PFAAs were rapidly formed, remained adsorbed to the V(V)-C 
nanosheet surface following initial PFOS adsorption, then degraded 
immediately to TFA. The presence of –F termination on V(V)-C 
nanosheet surfaces may enhance the adsorption of PFOS C–F via F–
F interactions.49 PFOS adsorption to V(V)-C nanosheets may facilitate 
transformation by shortening the distance between PFOS and 
reactive species generated near the V(V)-C nanosheet catalytic 
reaction center,24 which is advantageous compared to bulk-phase 
PFAS degradation processes. In contrast, the V(V)-C reaction system 
yielded negligible fluoride release; yet, TFA byproduct formation was 
identified in Fig. 2c. These data suggest that V(V)-C nanosheets can 
facilitate PFOS degradation in the absence of H2O2, but 
defluorination may require additional chemical or energy inputs.
Enhanced solvated electron formation in the V(V)-C+H2O2 system

The observed degradation and defluorination by the V(V)-C 
containing reaction systems must be due to electron transfer within 
or on V(V)-C capable of cleaving PFOS C–F and C–C bonds. Based on 
the study by Li et al., the reaction between a V2O5 artificial enzyme 
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can shuttle electrons by reacting with H2O2. They hypothesized that 
vanadium centers within V2O5 possess depressed d-orbital electron 
density, and the V-d orbitals readily form sigma bonds with H2O2 
oxygen-p orbitals for diminished catalytic activity.50 They further 
posit that coordination of the V2O5 with a Zn2+ electron donor to form 
Zn–O–V bonds was found to stabilize electron transfer from Zn to the 
vanadium center, inhibit the sigma bond formation between the 
vanadium d-orbital and the H2O2 oxygen p-orbitals, and enhance the 
formation of reactive species in solution. In our as-prepared V(V)-C 
material, we hypothesize that the carbon bonded to the V(V) phases 
(generated from the hydrolysis of V2C) serves as the electron donor 
to stabilize reactions with H2O2

51,5 in the same way that Zn is 
stabilizing electron transfer in the Li et al. study. When adding H2O2, 
the electron transfer from the carbon to V2O5 phases could be 
catalyzed. Given the fact that our V(V)-C+H2O2 reaction system has a 
two-electron transfer as the V(V) phases are reduced to V(III) phases, 
the excess electrons transferred could be surrounded by water to 
form solvated electrons. Andris et al. demonstrated that vanadium 
oxide phases can be reduced during hydrothermal treatment in the 
presence of graphitic carbon via the generation of a δ-CxV2O5⋅nH2O 
heterostructure.51 V(V)-C solution. Therefore, we hypothesize that 
electron transfer from carbon to vanadium oxides can occur upon 
chemical (or thermal) activation. To validate this assumption, the 
pre- and post-H2O2 reaction vanadium oxidation state was 
determined by XPS (Fig. 3). The initial vanadium oxidation state was 
confirmed to be mostly vanadium(V) (e.g., V2O5) phases which are 
then reduced to vanadium (III) (e.g., V2O3) phases after reacting with 
H2O2 (Fig. 3a, b and Table 2, Fig. S7). The C1s XPS spectra of V(V)-C 
before and after reacting with H2O2 indicates that vanadium 
reduction is accompanied by oxidation of carbon in the material (Fig. 
3c, d and Table 2). The ability of V(V)-C to promote rapid electron 
transfer following a stimulus (e.g., applied potential) has been well 
documented.24,52 Evidence of oxidation state changes within the 
V(V)-C suggests that electron shuttling may occur at/near the 
nanosheet reaction center which would then influence nearby 
adsorbed PFOS. 

Figure 3 Fitted XPS V 2p spectra of (a) blank V(V)-C (0.15 mg/mL V(V)-V2C) and (b) blank 
V(V)-C+H2O2 (0.15 mg/mL V(V)-V2C, excess H2O2) reaction systems reacted for 2 hrs. The 
corresponding C 1s spectra for these systems are provided in (c) and (d), respectively.

Table 2 Information regarding peak identification for the different reaction 
systems in Fig. 3. 

peak ID
binding 
energy 

(eV)

abundance 
(%)

reference
ID Ref.

V 2p3/2 516.5 2.8 516.4 eV 
(V5+) [53]

V 2p3/2 517.7 18.1 517.7 eV 
(V5+) [54]

V 2p1/2 524.7 11.8 524.5 eV 
(V5+) [55]

V-O1s 530.6 22.3 530.5 eV 
(V2O5)

[55]

C-C 285.0 58.7 ubiquitous C [56]

blank 
V(V)-C

C–O 283.8 19.6 oxidized C [57]

V 2p3/2 515.9 16.9 515.7 eV 
(V3+) [58]

V 2p1/2 522.8 10.0 523.0 eV 
(V3+) [58]

V-O1s 530.5 20.4 530.5 eV 
(V2O5)

[55]

blank 
V(V)-C
+H2O2

C–C 285.0 10.1 ubiquitous C [56]

C–O 283.6 86.7 oxidized C [57]

Reactive species formation detected using EPR suggests singlet 
oxygen (1O2, Fig. S4a), hydroxyl radical (HO• Fig. S5), and solvated 
electron (Fig. S5) formation in V(V)-C+H2O2 systems. The formation 
of HO• is expected due to H2O2 decomposition;50,59 no obvious 
superoxide radicals was observed in this system.60 However, the 1O2 
formation is an interesting observation. We hypothesize that 1O2 
generation could occur via the biomimetic vanadium(V) 
haloperoxidase mechanism (Fig. S4c reaction pathway B) which has 
been reported for V2C MXenes in other studies.61 It is well-known 
that HO• and 1O2 are extremely inefficient in cleavage of C–F bonds 
due to the lack of extractable hydrogen atoms within the PFOS 
structure.62 However, the presence of solvated electron can initiate 
the defluorination of PFOS by cleaving C–F and then form C–H, and 
then further degradation can be facilitated by HO•, 1O2 and 
additional solvated electrons. Hence, solvated electron formation in 
the V(V)-C+H2O2 reaction system (Fig. S5) is most likely the reactive 
species responsible for initiating PFOS degradation. The weak 
solvated electron signal implies that the highly reducing species are 
formed within or strongly associated with the V(V)-C nanosheets, 
and not in the bulk solution. We hypothesize that solvated electron 
generation in the V(V)-C and V(V)-C+H2O2 systems were responsible 
for TFA formation and subsequent PFOS defluorination. To confirm 
this hypothesis, 20 mM DMPO was added as a solvated electron 
capture agent in these reaction systems to form detectable DMPO–
H adducts during EPR measurement.47 To further clarify the role of 
solvated electrons in PFOS defluorination, additional tests were 
conducted to identify PFOS transformation and F-

 release upon 
quenching solvated electron formation at different initial PFOS 
concentrations. A batch test was conducted by adding 10 mM 
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sodium nitrate (NaNO3)—a known solvated electron scavenger15 to 
300.5 µg/L PFOS and V(V)-C nanosheets to assess PFOS 
defluorination and validate our hypothesis that solvated electron 
generation is primarily responsible for PFOS transformation. This 
mixture was reacted for 4 hrs and then measured using IC (Fig. 4a) 
and XPS (Fig. 4c, d, and Table 3). When NaNO3 was added, the 
calculated PFOS defluorination efficiency was only 3.33 ± 4.31% 
compared to 41.31 ± 16.47% defluorination efficiency when no 
NaNO3 was added (Fig. 4a). This result confirmed that PFOS 
transformation was driven by solvated electron formation in the 
V(V)-C+H2O2 system. The reason for the lower defluorination 
efficiency in the sample without NaNO3, compared to the results 
shown in Fig. 2b, is that a higher initial PFOS concentration was used 
in this test to promote PFOS transformation.

Figure 4 (a) Defluorination of V(V)-C+H2O2 (300.5 µg/L PFOS, 0.15 mg/mL V(V)-C 
nanosheets, 14.7 mM H2O2) in the presence (NaNO3+V(V)-C+H2O2) and absence of 10 
mM NaNO3 to quench solvent electron generation. (b) PFOS removal (left axis) and the 
corresponding defluorination efficiency (right axis) were measured by ion 
chromatography comparing different vanadium-containing reaction systems for PFOS 
defluorination by reacting 50 µg/L PFOS with and without 14.7 mM H2O2 for 2 hrs in 
ultrapure water. The reaction systems include Blank (no vanadium species added); V2O3 
(a saturated solution, pH 3.8, of commercial V2O3); V2O5 (a saturated solution, pH 3.8, of 
commercial V2O5); and, V(V)-C as reported in Fig. 2d. (c) Fitted XPS C 1s spectra of the 
V(V)-C+H2O2 and (d) NaNO3+V(V)-C+H2O2 reaction systems reacted for 2 hours. In both 
reaction systems, 100 µg/L PFOS, 0.15 mg/mL V(V)-C nanosheets and 14.7 mM H2O2 
were added. The NaNO3+V(V)-C+H2O2 system contained 10 mM NaNO3 added at the 
start of the reaction.

Table 3 Information regarding peak identification for the different reaction 
systems in Fig. 4 c, d

peak ID binding 
energy (eV)

abundance 
(%)

reference
ID

CHF-CF
2 290.5 22.9 290.8 eV63

V(V)-C+H2O2 

CF
2 292.7 7.7 292 eV64

NaNO3+
V(V)-C+H2O2

CF
2
-CHF 291.1 4.7 290.8 eV63

At an initial PFOS concentration of 100 µg/L, XPS C1s spectra 
revealed the formation of CHF–CF2 bonds in the V(V)-C+H2O2 system 
at 23% abundance after 2 hrs of reaction. Adding 10 mM NaNO3 to 

this reaction system decreased the abundance of CHF–CF2 bonds to 
only 4.7% (Fig. 4 c, d and Table 3). These data strongly indicate that 
solvated electrons generated in the V(V)-C+H2O2 systems are the 
primary reactive species responsible for PFOS destruction. Additional 
information about this test is provided in Section SIV. 

V(V)-C facilitated solvated electron formation and H2O2-catalyzed 
PFOS defluorination on V(V)-C nanosheet surfaces 

There are three primary observations for this study: (1) rapid, 
efficient PFOS removal by as-prepared V(V)-C nanosheets; (2) 
formation of reactive (oxygen) species such as hydroxyl radicals, 
singlet oxygen in solution and solvated electrons near V(V)-C 
(particularly in H2O2-containing reaction systems); and, (3) near-
complete PFOS defluorination on V(V)-C nanosheets catalyzed by the 
addition of H2O2. 

Solvated electrons are hypothesized to form within or closely 
associated with V(V)-C surfaces near adsorbed PFOS to initiate 
defluorination. The large V(V)-C nanosheet surface serves as a 
reaction center where the solvated electrons can then easily transfer 
from the V(V)-C to PFOS and initiate degradation and defluorination 
at enhanced rates and efficiencies compared to other reported 
advanced oxidation/reduction reaction systems (Table 1).1,65 The 
rapid electron charge transfer kinetics between the electronegative 
moieties of adsorbed PFOS, vanadium(V) and graphite carbon 
generated from V2C51 (i.e., formation of C–O and C–OH observed in 
V(V)-C+H2O2 XPS spectra, Fig. S2 and Table S7) combined with the 
reversible nature of vanadium oxidation states within V(V)-C could 
provide enough energy to form solvated  electrons near co-located 
PFOS.  In our study, the solvated electron (e-

aq) formation is catalyzed 
upon the addition of H2O2 which corresponds to vanadium oxide 
reduction (from V(V) to V(III)) and carbide oxidation (increase in C–O 
abundance and decrease in C-C abundance Table 2). 

As stated previously, the conductivity of the carbide layer 
within MXenes (including with our as-prepared V(V)-C nanosheets, 
Fig. S8) can enable the transport of electrons and produce radical 
species (e.g., during polymerization). For example, a study by 
Mashtalir et al.30 investigating photocatalytic degradation of 
methylene blue by Ti(II)-phase Ti3C2 MXenes observe a two-electron 
phase change (from Ti(II) to Ti(IV)-TiO2) within MXenes following 
adsorption of methylene blue (dark conditions) over a period of one 
week. Dissolved oxygen present in the reaction solution was 
hypothesized to consume Ti and C to form TiO2 phases and carbon 
dioxide. We propose similar reaction mechanisms occurring within 
the V(V)-C +H2O2 reaction systems:

V(V)-C + H2O2 →  e-
 aq + V(V)(solid phase)  + oxidized carbon + 2H2O                           

k1,a         (1a)
                               

V(V)(solid phase)   +  e-
aq → V(III)(solid phase)                                   k1,b        (1b)                                                                     

The rate of solvated electron generation (k1,a) is assumed to be much 
greater than the solvated electron consumption rate (k1,b) in the 
V(V)-C+H2O2 system. 

Upon addition and adsorption of PFOS to the V(V)-C nanosheet 
surface, we propose the following two mechanisms may occur to 
enhance degradation and defluorination in the presence of H2O2. 
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Scheme.  The proposed interactions of PFOS, V(V)-V2C, and H2O2 in our study facilitate 
PFOS degradation and defluorination. (1) The formation of the initial V(V)-C nanosheet 
vanadium oxidation state contains an oxidized vanadium phase on graphitic carbon 
nanosheets resulting from the synthesis of V2C nanomaterials. (2) The addition of H2O2 
catalyses the V(V) to V(III) phases and formation of solvated electrons (e-

aq). (3) Two PFOS 
defluorination mechanisms could occur in our reaction system. PFOS fluorine atoms 
adsorb to fluorine atoms along the V(V)-C nanosheet edges. Desulfonation: Solvated 
electrons attach at the sulfonic head group to form a short-lived radical. Adding H2O and 
abstraction of H and F atoms facilitates the formation of perfluorooctanoic acid, which, 
upon subsequent attack by solvated electrons, 1O2 and HO• radicals, forms short chain 
perfluorocarboxylic acids (PFCAs). H/F exchange: Solvated electrons attack the weakest, 
centremost C–F bond to form a PFOS radical. Adding H2O replaces the F atom with a H 
(i.e., –CHF bonds), and subsequent attack by solvated electrons will propagate F 
abstraction to form short-chain PFAS intermediates and compounds more readily 
degraded by 1O2 and HO•.

The first hypothesis is that PFOS fluorine form a complex with 
the high valent vanadium oxide phases (i.e., V2O5) wherein fluorine 
atoms are abstracted and replaced with hydrogen atoms. Vanadium 
oxide–fluorine complexes have been established in the 
literature,66,67 and the formation of –CHF bonds may be evidenced 
by the XPS spectra could be due to fluorine abstraction (Fig. 4c,d and 
Table 3). 

Our second hypothesis is that during initial defluorination, 
solvated electrons and reactive oxygen species (hydroxyl radicals and 
singlet oxygen) are activated by electron-deficient vanadium 
transition-metal coordination processes within the vanadium(V) 
nanomaterial.68 Literature purporting degradation pathways for 
PFAS suggests that degradation activation by single electron transfer 
is the rate-limiting step69 which is followed by rapid, subsequent 
defluorination and byproduct formation. The XPS analysis (Fig. 3, and 
Table 2) indicates that a two-electron transfer occurs within the V(V)-
C nanosheet as the vanadium(V) phases are reduced to vanadium (III) 
phases which could help overcome the slow electron transfer 
activation. In electrochemical, catalytic and heterogeneous 
advanced oxidation processes, vanadium(V) oxidation states have 
demonstrated rapid and reversible charge transfer kinetics and 
reactivity.24,70,71 Therefore, vanadium(V) oxidation states within the 

V(V)-C nanosheet may exhibit high electron shuttling capacity72 and 
contribute to the formation of reactive (oxygen) species. The Scheme 
outlines hypothesized PFOS defluorination processes in which 
solvated electron generation and two-electron transfer occurs 
(Scheme 2) can facilitate and propagate defluorination in the V(V)-
C+H2O2 systems (Scheme 3). The desulfonation and H/F exchange 
processes proposed in the literature73,74 for bulk-phase 
defluorination of PFOS were adapted for the V(V)-C+H2O2 reaction 
system. Scheme 3 Desulfonation: Solvated electrons cleave the PFOS 
C–S bonds which produces a short lived •CnF2n+1 radical. 
Hydroxylation of the radical (addition of –OH) followed by sequential 
eliminations of H+ and F- moieties to form perfluorocarboxylic acids. 
Scheme 3 H/F exchange: Solvated electrons can cleave centermost 
C–F bonds within PFOS which have the lowest bond dissociation 
energy to produce radicals. Addition of H2O molecules forms —CHF 
bonds which are observed in our study. Multiple exchanges of F- with 
H atoms can promote additional attack by accompanying reactive 
oxygen species. For instance, HO• and 1O2 species generated in the 
same reaction process (Fig. S3 and S5) can react with newly-formed 
–CHF bonds produced from initial PFOS defluorination to increase 
the PFOS degradation rates and efficiencies (Table 3). Furthermore, 
nitrate scavenging addition of solvated electrons resulted in lower –
CHF peak area (Fig. 4c, d and Table 3). This evidence further suggests 
that solvated electrons are critical for PFOS defluorination in the 
V(V)-C+H2O2 reaction system.

To further understand the roles of V(V)-C vanadium oxidation 
states, vanadium ions, and heterogeneous nanosheet reaction 
centers during PFOS transformation, an additional batch experiment 
was performed under the same reaction conditions as the kinetics 
experiment (Fig. 2a). PFOS degradation by V(V)-C nanosheets were 
compared to degradation by vanadium oxide (i.e., V2O5 and V2O3) 
nanoparticle solutions (Fig. 4b). Upon addition of H2O2, PFOS 
defluorination efficiency increased in the order of Blank (i.e., PFOS 
only) < V2O3 < V2O5 < V(V)-C, which demonstrates that unique, 
synergistic and cooperative defluorination in the V(V)-C+H2O2 
reaction system results in maximum PFOS defluorination. The PFOS 
removal in the V2O3 and V2O5 reaction system in the absence of H2O2 

is believed to correspond to the physical adsorption of PFOS to trace 
amounts of solid V2O3 and V2O5 particles as no F- release was 
detected. PFOS transformation does occur in the V2O3 and V2O5 
systems in the presence of H2O2; however, it is limited by bulk-phase 
PFOS interactions. Furthermore, the greater defluorination extent 
observed in the V2O3 system could be due to aqueous 
electrochemical instabilities of dissolved V2O5 phases compared to 
V2O3 phases.75 The result from this experiment suggests that the 
adsorption of PFOS onto heterogeneous supports in the V(V)-C 
system may contribute to a greater extent of defluorination than 
dissolved bulk-phase reaction systems. Furthermore, this test also 
confirms that the presence of vanadium(V) on V(V)-C nanosheets will 
dramatically increase PFOS transformation efficacy during the 
degradation process. To probe the potential reusability of V(V)-C, we 
observed the morphology of the V(V)-C nanosheet under SEM after 
reacting with H2O2 (Fig. S9). The nanosheet morphology remains, and 
according to the XPS results (Fig. 3 and Table 2), V(V) oxidation states 
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within the structure still remain following the reaction. Therefore, we 
hypothesize that there is a possibility of reusing the V(V)-C 
nanosheets for subsequent cycles of treatment. Further 
understanding of the reusability (i.e., ways to regenerate the V(V) 
oxidation state of the V(V)-C) will be examined in future work.

Conclusion
Herein, we reported a novel and efficient approach for PFAS 

degradation in water employing oxidized V(V)-C MXene nanosheets 
and H2O2. The V(V)-C+H2O2 reaction system resulted in 96% of 50 
g/L PFOS removal within 4 hrs and near 100% defluorination with 
minimal short-chain PFAS formation. This approach is fast and 
efficient compared to other heterogeneous PFAS degradation 
studies reported in the literature, and can be performed under mild, 
aerobic conditions compared to typical anoxic and alkaline pH 
conditions needed in bulk-phase PFAS degradation. V(V)-C formed 
through the hydrolysis of V2C MXene was studied as catalytic 
reaction centers to facilitate the degradation of adsorbed PFOS 
molecules which was evidenced by complementary ex situ analyses 
(XPS, EPR). We identified that inherent vanadium(V) phases are 
reduced to vanadium (III) phases within the V(V)-C nanosheet upon 
addition of H2O2 to produce solvated electrons and yield singlet 
oxygen reactive species. Solvated electrons and electron transfer 
initiate and propagate PFOS C–S and/or C–F cleavage and 
defluorination, while singlet oxygen is hypothesized to contribute to 
vanadium(V) haloperoxidase biomimetic behavior of V(V)-C—a 
phenomena that was recently reported in V(V)-C.59 Ultimately, the 
short distances between adsorbed PFOS and the reactive species 
formed, coupled with the fast charge transfer kinetics and 
pseudocapacitive properties of the V(V)-C nanosheets enabled rapid, 
degradation and defluorination of a recalcitrant, acutely toxic 
organic contaminant. 

Further research is needed to fully understand the portfolio of 
toxicants degraded using this heterogeneous V(V)-C catalyst 
approach, the aquatic conditions under which this method is most 
effective, the possibility of regenerating the V(V) surface via chemical 
or electrochemical activation, and to determine the potential for 
combining it with other technologies (such as selective PFAS 
adsorption) to optimize its effectiveness. Future studies exploring 
our novel V(V)-C MXene water treatment technologies will also 
explore its efficacy on PFAS of different chain lengths and terminal 
acidic groups, as well as the effect of the aqueous chemistry (pH, 
temperature, ionic strength, tec.) on PFAS defluorination.
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